In internal combustion engines, friction losses caused by piston ring and cylinder liner pair account for approximately 20% of total mechanical friction losses as reported in literature. A reduction in friction between piston ring and cylinder liner pair would therefore result in higher efficiency, lower fuel consumption and reduced emissions. In this study, the effects of different types of fuel which is contaminated to cylinder oil have been tested for investigating the friction behavior between piston ring and cylinder liners pair by a reciprocating tester depending on the load, revolution and temperature. The results showed that lubricant type and revolution have been found significant on friction behavior.
Introduction
Diesel engines are widely used for ship propulsion, mainly in merchant vessels due to their higher efficiency in reducing vessel fuel consumption and exhaust emissions. Nowadays, the continuously increasing costs of marine fuels in conjunction with the environmental impacts of the operation of marine diesel engines make the improvement of the engine's mechanical efficiency imperative [1] .
Diesel engines manufacturers need to improve engine efficiency in different ways. Some studies aim to reduce fuel consumption by in-cylinder methods [2] or by developing new diesel combustion concepts [3] . Decreasing the friction losses is a practical way to improve fuel consumption and exhaust emissions in relation to engine efficiency. Since a significant part of the total power loss in an internal combustion engine is due to piston assembly friction, the contribution of engine piston assembly friction is important.
Diesel engines lose their energy into friction by about 4-15% of input energy. A majority of the friction losses result from the piston-cylinder liner pair which contributes to about 40 to 55% of the mechanical friction losses through the system and these numbers include the power loss from the piston, rings, and rods in roughly equal proportions [4] . For this reason, improved material or processes for the in-cylinder component of marine diesel engines have been kept to research for better friction performance [5] .
The oil would not clearly stay in new condition after long-term operation, since it will get dirty with external and internal contaminants. Some of these contaminant products such as fuel will have an effect on friction behavior [5] . * corresponding author; e-mail: osavas@yildiz.edu.tr
Despite the fact that fuel in lubricant represents the typical condition for the ring and liner, this study has been done in this lubricating environment due to the complexity. So the goal of this study is to investigate the effects of fuels in two stroke low speed diesel engine cylinder oil on friction behavior between piston ring and cylinder liner pair under various conditions for different load, engine speed and temperature parameters. The Taguchi design method has been used for determining the optimal conditions which affects the friction behavior.
Experimental

Materials and methodology
Piston ring specimens used in current study were chosen from chrome coated cast iron piston ring (84 mm bore), sectioned into two pieces and placed in a ring holder. To avoid misalignment, a honed cast iron cylinder liner compatible with chosen ring is used instead. 15 specimens (15 mm) were prepared by cutting each liner and their cut surfaces were grinded with sandpaper.
Mobilgard 570 diesel engine cylinder oil by ExxonMobil was employed as a reference lubricant for the purpose of determining effects of fuel contamination. Fuels contaminated in diesel engine cylinder oil are marine fuel oil type RMG 380 (commercial denomination: IFO 380) and marine fuel oil type DMB (commercial denomination: marine diesel oil -MDO).
A reciprocating test rig, shown in Fig. 1 was designed and manufactured to measure the coefficient of friction between piston ring and cylinder liner. Crank mechanism, giving a reciprocating motion to cylinder liner specimen is driven from a three-phase electric motor through a V-belt transmission. Weights hanged on the loading arm generate normal force as a fixed ring specimen onto the liner specimen. A Kistler 9027C three-way force sensor was inserted between the loading arm and the piston ring holder to measure friction forces and normal forces. Measuring amplifier Kistler 5073 was used.
(617) Temperature rise is generated by three heater cartridges (each 250 W) and controlled by Eurotherm 2416 temperature control device. Oil is fed with a constant rate of 2 ml/h by capillary tube which is operated according to gravity method. In order to speed up the adjustment a frequency converter manufactured by ABB was used. Friction tests were performed with normal load and conducted at four average revolution levels. To simulate complex lubrication conditions, low speeds have been chosen in the tests as combustion pressure is the highest and the piston speed is close to zero in real diesel engine operations.
Experimental design
The present experiments were designed to apply the Taguchi methods to establish the effects of four parameters on the friction behavior between piston ring and cylinder liner pair. The four design parameters (factors) and their levels are given in Table I . The common principle of the Taguchi method is to develop an understanding of the individual and combined effects of a variety of design parameters from a minimum number of experiments. The Taguchi method uses a generic signal-to-noise (S/N) ratio to quantify the present variation. There are several S/N ratios available depending on the type of characteristics, including "lower is better" (LB), "nominal is best" (NB), and "higher is better" (HB).
Since the lower coefficient of friction is vital, the S/N ratio for the LB characteristics is related to the present study which is given by [6] :
where n is the number of repetition in a trial under the same design conditions, y i represents the measured value (coefficient of friction -CoF), and subscript i indicates the number of design parameters in the orthogonal array (OA) which is shown in Table II .
An L 16 (4 4 ) orthogonal array table (Table III) has been employed in the design of the experiments which were carried out in the order from trial 1 to trial 18. Each trial was repeated at least three times. 
Results and discussion
The measured coefficient of friction and their S/N ratio values are given in Table III . As it might be seen from the table, the coefficient of friction varied between 0.0212 and 1.0269. Table IV shows that lowest coefficient of friction was obtained from trial 13 which was associated with 100% MDO, 60 N, 150 rpm, and 60
• C. On the other hand, the highest value obtained from trial 14 was associated with 100% MDO, 80 N, 120 rpm, and 150
• C. Table IV shows the analysis of variance (ANOVA) for the coefficient of friction (CoF). According to the ANOVA table, all factors are significant at least 99% confidence. Contributions of lubricant type (A), load (B), speed (C) and temperature (D) on CoF were found as 33%, 22%, 30% and 14%, respectively. It was shown that lubricant type (A) and temperature (C) were the most effective factors on CoF. These results are in good agreement with previously reported studies [7] [8] [9] . Figure 2 shows S/N response of the factors investigated on CoF. As is well known, the highest value of each factor level in the figure shows best value on CoF. The optimal combination of the factor levels are found as A 1 , B 1 , C 4 and D 1 for obtaining the lowest coefficient of friction. By fuel contaminating cylinder oil, coefficient of friction has increased. 50% IFO 380 contaminating cylinder oil caused lower coefficient of friction than 50% MDO contaminating cylinder oil. Viscosity of IFO 380 fuel under the same conditions is considered to be major contributor in this result. However, maximal CoFs are obtained at low speed because the oil film thickness decreases to the level of the surfaces roughness. Maximal CoF and wear occurred during the start and near the top dead center (TDC) of engine as there is no oil film between moving parts at starting and the piston instantaneous speed reduces to zero at TDC [10] .
A confirmation experiment is performed to determine the optimal conditions and to compare the results with the expected conditions following the Taguchi method. If the generated design fails to meet the specified requirement, the process must be reiterated using a new system until the required criteria are satisfied [11] . In the present work, the required confirmation experiment should satisfy the optimum design parameter (factor) combination as A 1 B 1 C 4 D 1 . Since this combination of design parameter had not already been included in the main experimental layout, it is necessary to carry out an extra confirmation experiment. Table II shows result of confirmation experiments for A 1 B 1 C 4 D 1 combination. According to the results, the average coefficient of friction was 0.00311. The optimum condition for the coefficient of friction was estimated to lie between 0.00336 and 0.00201. According to the result obtained from the validation trial, S/N ratio of the coefficient of friction was 5.015, which also stays within the calculated S/N ratio of 4.95 and 5.36.
Conclusions
The Taguchi experimental design method has been used in present study to investigate which parameters are important in case of fuel contaminating cylinder oil during piston ring-cylinder liner pair tests.
The results of this study can be summarized as follows:
• It has been determined that lubricant type (A), load (B), speed (C) and temperature (D) are significant at least 99% confidence. Lubricant type (A), load (B), speed (C) and temperature (D) have percentage contributions of 33%, 32%, 30% and 14% to the coefficient of friction, respectively. • Lowest coefficient of friction was obtained from the confirmation experiments which were associated with pure cylinder oil, 60 N load, 150 rpm, and 60
• C temperature. By fuel contaminating cylinder oil, coefficient of friction has increased. 50% IFO 380 contaminating cylinder oil caused lower coefficient of friction than 50% MDO contaminating cylinder oil.
• In consideration of engine operating under determined load and speed conditions, temperature can be acknowledged as the most significant parameter. By increasing the temperature, viscosity decreases and CoF rises. Minimum CoF is obtained at high speed levels.
